Knowledge of induced fractures can help to evaluate the success of reservoir stimulation. Seismic P-waves through fracturing media can exhibit azimuthal variation in traveltime, amplitude, and thin-bed tuning, so amplitude variation with azimuth (AVAz) can be used to evaluate the hydraulic-fracturing-caused anisotropy. The Barnett Shale of the Fort Worth Basin was the first large-scale commercial shale gas play. We have analyzed two adjacent Barnett Shale seismic surveys: one acquired before hydraulic fracturing and the other acquired after hydraulic fracturing by more than 400 wells. Although not a rigorous time-lapse experiment, comparison of AVAz anisotropy of these two surveys provided valuable insight into the possible effects of hydraulic fracturing. We found that in the survey acquired prior to hydraulic fracturing, AVAz anomalies were stronger and highly correlated with major structural lineaments measured by curvature. In contrast, AVAz anomalies in the survey acquired after hydraulic fracturing were weaker and compartmentalized by rather than correlated to the mostpositive curvature lineaments. We found in five microseismic experiments within the survey that these ridge lineaments form fracture barriers. These findings suggested that future time-lapse experiments may be valuable in mapping the modified horizontal stress field to guide future drilling and in recognizing zones of bypassed pay.
Introduction
Significant efforts have been devoted to predict and map seismic responses due to fracturing. Direct measures of fractures include amplitude variation with azimuth (AVAz) (Rüger, 1998; Goodway et al., 2006) and velocity versus azimuth (VVAz) (Jenner, 2001; Sicking et al., 2007) . Geometric attributes computed from poststack data such as coherence and curvature have also been used for indirect fracture prediction (Chopra and Marfurt, 2007; Guo et al., 2010; Thompson et al. 2010) .
The Barnett Shale in the Fort Worth Basin (FWB) was the first large-scale commercial shale gas play, and it is characterized by low permeability and cemented natural fractures. In our area of study, Devon Energy hydraulically fractured the subsurface to increase permeability by injecting high-pressure fluid and proppant using an average of 10 injection wells per square mile. In the first survey, wide-azimuth seismic data were acquired after hydraulic fracturing. In this survey, our objectives are to map the orientation and intensity of induced rather than natural fractures, attempt to identify reservoir compartmentalization, and identify potential bypassed pay zones. In the second survey, the seismic data were acquired before hydraulic fracturing and thus serve as a baseline. Zhang et al. (2010) and Thompson et al. (2010) find correlations between compartmentalized variations in anisotropy measured by AVAz and structural deformation measured by curvature. Microseismic experiments showed that measured events avoided structural ridges and occurred most often in bowl-shaped regions. They then hypothesize that ridge fracture barriers compartmentalize the subsequent anisotropic behavior; however, in the absence of a true time-lapse experiment, it was unclear how much of this anisotropy existed prior to completion. In this study, we apply the same AVAz workflow to the two adjacent seismic surveys: one acquired before and the other acquired after hydraulic fracturing. We begin our paper with a summary of the processing and AVAz analysis workflow, and then, we use seismic attributes to map fault and fracture trends. Next, we evaluate the hypothesis that horizontal well stimulation and hydraulic fracturing modify the reservoir anisotropy by comparing the AVAz anisotropy and curvature analysis of the two surveys. We conclude with a hypothesis that explains these differences and suggest follow-up time-lapse experiments to more quantitatively measure the impact of hydraulic fracturing on seismic response. Perez and Marfurt (2008) propose a new azimuthal binning approach to Kirchhoff prestack migration that sorts output by the azimuth of the average travel path from the surface midpoint to the subsurface image point, rather than the azimuth between the source and receiver. This new binning allows us to identify the image contribution from out-of-the-plane, steeply dipping reflectors, fractures, and faults. Then, we migrate our gathers for eight azimuths as shown in Figure 1 . Rüger's (1995) equation for AVAz can be written as
Methodology
where Rðθ; φÞ is the reflectivity at angle of incidence θ and azimuth φ:
and
where δ ðvÞ and γ ðvÞ are the Thomsen's parameters of anisotropy.
In the absence of anisotropy B ani ¼ 0, equation 1 reverts to the well-known amplitude variation with offset equations in terms of slope B iso and intercept A. Note that the azimuthal anisotropy plays an increasingly stronger role at larger angles of incidence, as indicated by the sin 2 θ coefficient. 
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We improve slightly upon the robustness of normal AVAz analysis by computing the principal component of Rðθ; φÞ within a 20-ms window, which is equivalent to Karhunen-Loeve filtering the azimuthal gathers. We follow Zhang et al. (2013) , and we fit equation 1 to the azimuthally limited seismic amplitude, resulting in the Figure 7 . Fold map of two slightly overlapping surveys acquired over the FWB. The smaller survey B was acquired before hydraulic fracturing as shown by the yellow arrow, whereas the larger survey was acquired after 400 wells were hydraulically fractured. Figure 6 . Gamma ray parasequences and mineralogy logs corresponding to well A (Perez, 2013) .
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magnitude of the minimum and maximum anisotropies and their strike.
Correlation of vectors
The AVAz has a magnitude of B ani and an azimuth of φ ani . The maximum curvature has a value k max and a strike ψ max . These attributes are thus vectors. Outcrop work by White et al. (2012) and others shows a strong correlation between curvature and natural fractures. We also know that the natural fractures give rise to anisotropy. Guo et al. (2010) find correlations between curvature and velocity anisotropy, with anisotropy in the south and the north of the mineral wells strike-slip fault to be parallel and perpendicular to the fault, consistent with outcrop analogs and finite-element models. Such an explicit relationship suggests the use of vector correlation, between anisotropy að¼ a xx þ a yŷ Þ and curvature cð¼ c xx þ c yŷ Þ, as shown in Figure 2 .
Using vector arithmetic, we can compute the collinear component as
and the orthogonal component of correlation as
to construct components of a vector correlation, and we define a J-trace analysis window ( Figure 2 ) and compute Interpretation / February 2016 SB27 
are referenced to the average curvature vector c
The workflow of vector correlation is shown in Figure 3 .
Application
The FWB is a shallow north-south-elongated foreland basin that encompasses roughly 15;000 mi 2 in North Texas and formed during the late Paleozoic Ouachita Orogeny (Walper, 1982) as shown in Figure 4 . A result of the collision of North and South America, the FWB is delineated to the east by the Ouachita Thrust Front, to the north by the Red River Arch, to the north-northeast by the Muenster Arch, to the west by the Bend Arch, Eastern Shelf, and Concho Arch, and to the south by the Llano Uplift (Perez, 2013) . The Barnett Shale is the primary source rock for oil and gas produced from the Paleozoic reservoir rocks in the basin (Jarvie, 2003) . In less than a decade, the Barnett Shale play became the largest natural gas play in the state of Texas with an estimated mean volume production of approximately 26 trillion cubic feet of recoverable gas (Pollastro et al., 2007) . In the area of study, the Mississippian Barnett Shale was deposited directly over the eroded Viola Limestone strata as shown in Figure 5 ; the Barnett Shale sequence consists of alternating shallow marine limestone and black, organic-rich shale. On the eastern side of the FWB, the Barnett Shale can be subdivided into an upper and a lower interval interbedded by a dark limestone interval, known as the Forestburg Limestone. The vertical section of our study survey is 1300 ft on average and consists of five units of limestone and shale formations, listed from top to bottom with their average thicknesses: the Marble Falls Limestone (160 ft), the Upper Barnett Shale (365 ft), the Forestburg Limestone (45 ft), the Lower Barnett Shale (510 ft), and the upper section of the Viola Limestone (225 ft). Sketch of the stress distribution based on the (a) tensile fractures that propagate in the direction of greatest compressive stress. At point X, fractures propagate at high angles to the fault plane because rocks on that side of the fault have been stretched parallel to the fault by displacements away from the fault tip. Conversely, at point Y, the rocks were displaced toward the fault tip increasing compression parallel to the fault and causing tensile fractures to propagate parallel to the fault (after Bourne et al., 2000) .
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The Viola, Forestburg, and Marble Falls Limestones are hydraulic fracture barriers and are not production targets because they are water bearing. The Viola Formation deposited on top of the karsted Ellenburger Formation (Loucks, 2008) and in other parts of the FWB presents a potential risk of water production. In our area of study, the Forestburg Limestone divides the Upper Barnett and the Lower Barnett shales into two members, which must be treated and fractured separately. The Barnett Shale is organic rich and mainly dominated by clay, quartz, and carbonate minerals as shown in Figure 6 (Perez, 2013) . We analyze two slightly overlapping surveys (Figure 7) . Survey B was acquired before hydraulic fracturing, and it is discussed by Aktepe et al. (2007) and Perez and Marfurt (2014) . Survey A was acquired after hydraulic fracturing with approximately 308 vertical or directional wells and 127 horizontal wells and is discussed by Zhang et al. (2013) , Trumbo and Rich (2013) , and Perez and Marfurt (2014) . Figure 8a shows a time structure map of the Viola Limestone whereas Figure 8b shows a representative vertical slice AA′ through the data. Note the continuity of the time structure of Viola for two surveys. Figure 9 shows eight azimuthally limited stacked volumes. Note that the stacked volumes at 112.5°and 135°show higher resolution than those at 22.5°and 45°around the fault zone. The azimuths 22.5°and 45°are approximately parallel to the strike of the faults, whereas azimuths 112.5°and 135°are perpendicular to the strike of the faults. More energy from the fault planes is measured at these later two azimuths. Figure 10 shows the corresponding time structure maps of the top of the Viola Limestone. Note the subtle differences in the structural patterns of the Viola Limestone for different azimuths, representing VVAz effects. After- ward, we will flatten these stacked volumes along the Viola Limestone to remove the VVAz effects before AVAz analysis. Figure 11 shows phantom horizon slices 20 ms above the top of the Viola Limestone through variance corendered with the most-negative curvature k 2 and the mostpositive curvature k 1 . Note that the visually high correlation between the two curvatures and variance shows the faults in the two surveys. The red arrows denote faults KK′, HH′, GG′, and FF′. Figure 12a shows phantom horizon slices 20 ms above the top of the Viola Limestone through the strike of the most-positive curvature k 1 modulated by its value corendered with variance. Figure 12b shows the same phantom horizon through the strike of the most-negative curvature k 2 modulated by its value corendered with variance. The red arrows indicate KK′, HH′, GG′, and FF′ faults, which are characterized by the northeast-southwest curvature lineaments. Figure 13a and 13b shows the distribution of tensile fractures around the tip of a strike-slip fault at Nash Point, Wales, and the associated sketch of the stress distribution from Bourne et al. (2000) . It implies that fractures propagate at high angles to the fault plane because rocks on that side of the fault have been stretched parallel to the fault by displacements away from the fault tip. Note the different patterns of stress and fracture distribution on different sides of the fault plane. Figure 14 shows a phantom horizon slice 20 ms above the Viola Limestone through anisotropy strike φ ani modulated by its value B ani corendered with variance (Figure 14a ) and the most-positive curvature (Figure 14b) . For survey B, note the high correlation between structural faults and high anisotropy intensity. The strike of anisotropy on the north side of fault GG′ appears as purple, denoting the north-northeast direction parallel to the faults. To the south, it appears as yellow-green, east-southeast trending more perpendicular to the faults. This kind of pattern indicates that the natural fractures on different sides of strike-slip faults show different directions, which is consistent with the pattern found by Bourne et al. (2000) shown in Figure 13a and 13b. Away from the faults, the anisotropy is weaker and appears as green and cyan, denoting a northwest-southeast direction. For survey B, the anisotropy is relatively high and is concentrated near the faults. In contrast, for survey A, the high anisotropy intensity zone is no longer located around the faults, suggesting that the hydraulic fracturing has somehow changed the anisotropy. Examining Figure 14b , note that the most-positive curvature appears to form the boundary of different reservoir compartments each with a distinct azimuth (Zhang et al., 2013) . Figure 15a and 15b shows phantom horizon slices 20 ms above the Viola Limestone through vector correlation between anisotropy and most-negative curvature corendered with variance and most-positive curvature. The correlation is relatively high (blue, green, and magenta colors) along faults F and G, suggesting structural control of AVAz. In contrast, the correlation is quite low (more-gray colors) along and between faults KK′ and HH′ suggesting that hydraulic fracturing has modified the initial stress field. Figure 16a and 16b shows phantom horizon slices 20 ms above the Viola Limestone through normalized estimated ultimate recovery (EUR) corendered with variance and most-positive curvature. Note that mostpositive curvature ridges appear to form boundaries to production for surveys A and B. This observation is consistent with that of Trumbo and Rich (2013) , who use microseismic data to show that such ridges form fracture barriers. Figure 17a and 17b shows microseismic events, horizontal well paths plotted on top of phantom horizon slices 20 ms above the Viola Limestone through normalized EUR corendered with most-positive curvature and AVAz (anisotropy) vector for survey A. Two hundred horizontal wells have been drilled in the northwest-southeast direction, which is perpendicular to the regional maximum horizontal stress. Five of these two hundred wells were monitored using microseismic technology upon completion. Anecdotally, these events (white scales) fall on areas of low anisotropy, consistent with our hypothesis that hydraulic fracturing results in more isotropic (or perhaps orthotropic) seismic behaviors. The stronger anisotropy occurs in areas completed using vertical wells, which were drilled earlier using older completion technology and did not penetrate as much of the reservoirs.
Conclusions
Comparing the anisotropy analysis of two adjacent surveys, one with seismic data acquired before hydraulic fracturing and the second after, we see that hydraulically induced fracturing modifies seismic P-wave anisotropy. Even though completion takes place across ridges (indicated by most-positive curvature lineaments), the resulting microseismic events avoid these ridges and concentrate in the intervening valleys. EUR also appears to be compartmentalized by these ridges.
The vector correlation between most-positive curvature and AVAz anisotropy for the survey acquired before hydraulic fracturing indicates complicated patterns consistent with strike-slip faulting. This correlation is diminished in the survey that was acquired after hydraulic fracturing.
We believe these observations are consistent with the objectives of the completion process. Elastic solids can maintain anisotropic stress, whereas fluids experience only isotropic pressure. The Barnett Shale in the study area has no open natural fractures, with fractures generated during Pennsylvanian time being tightly cemented. Such a tight, competent rock can maintain an anisotropic stress regime, where microcracks are open perpendicular to the minimum horizontal stress direction. After hydraulic fracturing, a network of fluid-filled open fractures are created and propped open, resulting in a weaker, "rubblized" rock that is less able to sustain an anisotropic stress and exhibits a more azimuthally isotropic seismic response. Although validation of this interpretation requires a careful time-lapse seismic experiment, such behavior may be critical in future restimulation, determining not only the direction of new wells, but also mapping more anisotropic zones that could correlate with bypassed pay.
